Differences in life-history strategy are thought to contribute to adaptation to specific environmental conditions. Among life-history traits in plants, flowering time and shoot morphology are particularly important for reproductive success. Even though flowering time and shoot morphology are linked, the evolutionary changes in the genetic circuitry that simultaneously affects both traits remain obscure. Here, we have identified changes in a putative pre-mRNA processing factor, HUA2, as being responsible for the distinct shoot morphology and flowering behavior in Sy-0, a natural strain of Arabidopsis. HUA2 has previously been shown to positively regulate two MADS box genes affecting flowering time (FLOWERING LOCUS C [FLC]) and floral patterning (AGAMOUS [AG]) [1, 2] . We demonstrate that natural changes in HUA2 activity have opposite effects on its known functions, thus having implications for the coordinate control of induction and maintenance of floral fate. The changes in Sy-0 lead to enhanced FLC expression, resulting in an enlarged basal rosette and aerial rosettes, whereas suppression of AG function favors a reversion of floral meristems from determinate to indeterminate development. Natural variation in HUA2 activity thus coordinates changes in two important life-history traits, flowering time and shoot morphology.
Differences in life-history strategy are thought to contribute to adaptation to specific environmental conditions. Among life-history traits in plants, flowering time and shoot morphology are particularly important for reproductive success. Even though flowering time and shoot morphology are linked, the evolutionary changes in the genetic circuitry that simultaneously affects both traits remain obscure. Here, we have identified changes in a putative pre-mRNA processing factor, HUA2, as being responsible for the distinct shoot morphology and flowering behavior in Sy-0, a natural strain of Arabidopsis. HUA2 has previously been shown to positively regulate two MADS box genes affecting flowering time (FLOWERING LOCUS C [FLC]) and floral patterning (AGAMOUS [AG]) [1, 2] . We demonstrate that natural changes in HUA2 activity have opposite effects on its known functions, thus having implications for the coordinate control of induction and maintenance of floral fate. The changes in Sy-0 lead to enhanced FLC expression, resulting in an enlarged basal rosette and aerial rosettes, whereas suppression of AG function favors a reversion of floral meristems from determinate to indeterminate development. Natural variation in HUA2 activity thus coordinates changes in two important life-history traits, flowering time and shoot morphology.
Results and Discussion
Shoot development in plants progresses continuously during postembryonic development through initiation of primordia that can give rise to either vegetative or reproductive structures. Determination of primordium fate depends on both endogenous and environmental signals, resulting in highly plastic shoot morphology adapted to specific environmental conditions. In Arabidopsis thaliana, a complex regulatory network has evolved to integrate endogenous and environmental signals that regulate the expression of a set of genes, called the floral pathway integrators, whose activation commits the shoot apical meristem to cease vegetative development and to initiate a reproductive program instead [3] . Variability in flowering time influences the shoot morphology by affecting the developmental fate of shoot meristems, which can give rise to leaves, branches, or flowers. Numerous laboratory-induced mutations affect flowering time and shoot morphology, but it is not known whether they contribute in nature to variant morphology and flowering time.
The morphology of the late-flowering A. thaliana accession Sy-0 is characterized by an enlarged basal rosette, formation of aerial rosettes in the axils of stem leaves, and reversion of early floral meristems to indeterminate growth, a phenomenon known as floral reversion ( Figure S1 in the Supplemental Data available online). This phenotype, shared by several other accessions, arises as a consequence of extended vegetative development of both shoot apical and axillary meristems and indeterminate development of floral meristems [4] . Dominant alleles of the floral repressors FRIGIDA (FRI) and FLC, and a novel locus, AERIAL ROSETTE1 (ART1), have been identified as factors that underlie this morphological divergence [5] .
To understand the molecular basis of natural genetic variation in shoot morphology characteristic for the Sy-0 accession, we isolated the ART1 locus by using positional cloning ( Figure 1A ). ART1 on its own confers late flowering [5] , which was used to map it to a 15 kb genomic region. A recombinant line containing this fragment from Sy-0, but not Ler, fully recapitulated the variant morphology in a FRI-Sf-2 FLC-Sy-0 background, confirming that this fragment is sufficient for the Sy-0 phenotype ( Figure 1B and Table S1 ). The 15 kb fragment contains three open reading frames (ORFs). Two of the encoded proteins are involved in chloroplast biogenesis and function, whereas the third ORF encodes HUA2, a known regulator of flowering time and floral patterning [1, 2] . HUA2 was therefore an obvious candidate for ART1.
ART1 FRI-Sf-2 plants flower late because of synergistic activation of a weak FLC-Ler allele by ART1 and FRI [5] . To test whether HUA2-Sy-0 can reconstitute this effect, we introduced a 10.5 kb genomic fragment, covering the HUA2 gene from Sy-0, into plants containing both a FRI-Sf-2 and a FLC-Ler allele. The transgene conditioned late flowering ( Figure 1C) . Furthermore, overexpression of a HUA2-Sy-0 minigene in the FRI-Sf-2 hua2-3 background delayed flowering relative to a HUA2-Ler minigene ( Figure 1D ), further demonstrating that the HUA2-Sy-0 allele has ART1 activity. We thus renamed ART1 as HUA2-Sy-0.
The 10.5 kb HUA2-Sy-0 genomic fragment contains eight single nucleotide polymorphisms (SNPs) in the noncoding region, relative to the Col-0 reference allele; however, we did not detect any effect of these SNPs on HUA2 expression levels or splicing pattern (not shown). Of the six SNPs in the coding region, three are nonsynonymous substitutions ( Figure S2 ), of which one is shared with HUA2-Ler. The other two changes cause substations of lysine to glutamate at position 525 and aspartate to tyrosine at position 969.
To determine which amino acid substitution may be responsible for the effect of HUA2-Sy-0 on flowering To determine the frequency of these substitutions in the global A. thaliana population, we analyzed additional 112 accessions with a world-wide distribution [6] . The D969Y substitution is common in accessions from the UK and central Europe (Table S2 ). However, the K525E substitution, which is causal of HUA2-Sy-0 activity, was not found outside of Sy-0, indicating that this polymorphism is rare among natural populations. Sequence comparison with A. lyrata revealed that both E525 and Y969 constitute derived polymorphisms.
To examine the effects of changes in HUA2 activity in Sy-0 plants, we assayed a HUA2 allelic series in the Ler accession. HUA2-Sy-0 plants flower late because of increased expression levels of the floral repressor FLC, which is further enhanced by the presence of a functional FRI allele (Figures 2A-2C ). In contrast, the loss-of-function alleles hua2-1, hua2-5, and hua2-7 (see Figure S3 for information on hua2-7) confer early flowering accompanied by lower levels of FLC expression, compared to their corresponding wild-type alleles (Figures 2A-2C ). Thus, HUA2-Sy-0 is a gain-of-function allele regarding its ability to activate FLC expression. The effect of HUA2-Sy-0 appears to be specific to FLC because the expression of other FLC-related floral repressors, including MAF1, MAF2, and SVP, was similar between HUA2-Sy-0 and HUA2-Ler ( Figure S4 ). Our results for MAF2 and SVP are at variance with previously published work [2] , possibly because of differences in growth conditions.
The mechanism by which HUA2 and FRI synergistically activate FLC expression is currently not known. One possibility is that HUA2 and FRI regulate each other's transcription. However, this is unlikely because we found that RNA levels of FRI and HUA2 are independent of each other ( Figure 2D ). Alternatively, FRI and HUA2 could interact to affect the spatial pattern of FLC expression. To investigate this possibility, we introduced a reporter that expresses an FLC-GUS fusions protein from FLC regulatory sequences into different genotypes [7] . In HUA2-Sy-0 fri plants, the fusion protein accumulates in the leaf and hypocotyl vasculature during vegetative development and in mature anthers after flowering ( Figures 3A-3D ). In hua2-3 FRI plants, GUS expression is restricted to the vegetative apex, where it is detected in the vasculature and the submeristematic region. Reporter activity is absent from reproductive and axillary meristems ( Figures 3E-3H and inset in Figure 3M ). In contrast, in HUA2-Sy-0 FRI plants, GUS accumulates throughout the vegetative and reproductive apices (Figures 3I-3N) . Thus, HUA2-Sy-0 in combination with FRI can strongly activate FLC expression in all shoot meristems, including axillary meristems (Figures 3M and 3N) . It is particularly interesting that both HUA2 and FRI are expressed widely throughout the plant, including vegetative and reproductive shoot apices, as deduced from microarray profiles and in situ hybridization analysis [1, 8] , yet confer distinctive and more restricted patterns of FLC accumulation. This suggests that both HUA2 and FRI activities are modified by other proteins. HUA2-Sy-0 and FRI together synergistically extend the FLC expression pattern to both vegetative and reproductive shoot apices. In this context, it is important to note that FLC activity in the vasculature alone, where FLC is activated independently by both HUA2-Sy-0 and FRI, has only a limited effect on flowering time. However, extension of FLC activity to shoot meristems, as seen in HUA2-Sy-0 FRI plants, causes extreme delay of flowering, because it allows FLC to intervene the flowering hierarchy at multiple levels [9] .
In an otherwise isogenic background, HUA2-Col and HUA2-Ler confer the same pattern of FLC expression as HUA2-Sy-0 ( Figures 3O and 3P) , suggesting that the Sy-0 phenotype arises because of FLC upregulation rather then from a broadening of the FLC expression pattern. To test this hypothesis, we examined the shoot phenotype of plants that express FLC under the control of the strong and broadly expressed CaMV 35S promoter [10] . 35S:FLC plants had extended vegetative development of both primary and axillary meristems, and such development resulted in late flowering frequently accompanied by the formation of aerial rosettes (Figures 4A-4C and Table 1 ). Although the 35S promoter causes a broader expression pattern than the native FLC promoter, the similarity of phenotypes between the Sy-0 and 35S:FLC plants are consistent with the possibility that high levels of FLC are sufficient for the formation of enlarged basal and aerial rosettes.
In addition to the formation of vegetative structures within the inflorescence, Sy-0 plants display floral reversion, which is also observed in genotypes with reduced AG or LFY activity [11, 12] . Because HUA2 was initially identified as a modulator of AG function, on the basis of the ability of hua2-1 to enhance the phenotype of the weak ag-4 allele [1], we tested the effect of HUA2-Sy-0 and other hua2 alleles on ag-4 ( Figure 5 ). Interestingly, HUA2-Sy-0 had similar effects on the ag-4 phenotype as several hua2 loss-of-function alleles ( Figure 5 ). In HUA2-Sy-0 ag-4 plants, fertile stamens were replaced by sterile petaloid stamens. Thus, HUA2-Sy-0 is a partial loss-of-function allele regarding its action on AG. The effect of HUA2-Sy-0 on AG is enhanced in late-flowering backgrounds, such that either all stamens (e.g., in HUA2-Sy-0 FLC-Sy-0 ag-4) or some (e.g., in HUA2-Sy-0 FLC-Sy-0 AG) are transformed into petaloid structures ( Figures 5M and 5O) . Dissected third-whorl organs ( Figure 5M ) exemplify the spectrum of phenotypes seen in plants heterozygous for HUA2-Sy-0 FLC-Sy-0 alleles. Some of these plants flower early, whereas others flower late [5] . The severity of stamen transformation correlated with timing of flowering, such that the earliest plants showed the least suppression of stamen identity; the latest plants developed petals in the third whorl, seen also in plants homozygous for HUA2-Sy-0 FLCSy-0 alleles. In contrast, plants homozygous for the HUA2-Ler FLC-Ler ag-4 alleles from the same segregating population (see Experimental Procedures) had flowers indistinguishable from the ag-4 mutant plants.
The observed correlation between the suppression of stamen identity and flowering time in HUA2-Sy-0 FLCSy-0 heterozygous plants raised the possibility that Figures 4D-4H ). If stamen development is modified by FLC, does HUA2-Sy-0 then directly affect the ag-4 phenotype, or is this effect due to the HUA2-Sy-0-mediated increased FLC activity in floral meristems? To address this question, we vernalized HUA2-Sy-0 FLC-Sy-0 ag-4 plants for 6 weeks. Vernalization promotes flowering primarily by repressing the FLC activity [13] [14] [15] . Unvernalized HUA2-Sy-0 FLC-Sy-0 ag-4 flowered after producing 42.8 6 3.4 leaves (average 6 SE). However, when exposed to 4 C for 6 weeks, these plants flowered with 11.3 6 0.3 leaves, which is comparable to vernalized HUA2-Ler FLC-Ler ag-4 plants (11.1 6 0.3 leaves). Vernalized HUA2-Sy-0 FLC-Sy-0 ag-4 plants developed flowers in which stamens were replaced by petaloid stamens (Figure 4N ), indicating that HUA2-Sy-0 affects the ag-4 phenotype independently of FLC activity. However, only unvernalized HUA2-Sy-0 FLC-Sy-0 ag-4 plants (in which FLC is fully active) developed petals in the third whorl, indicating that full suppression of stamen identity requires both HUA2-Sy-0 and FLC activities.
In conclusion, ART1 is a naturally occurring allele of HUA2, which together with active FRI and FLC alleles causes delayed flowering of primary and axillary meristems, and this delayed flowering results in the distinctive Sy-0 morphology. Allelic variation in FRI and FLC is one of the major determinants of life history in A. thaliana because active alleles at FRI and FLC loci promote shoot vegetative development and confer late-flowering winter annual growth habit, whereas loss-of-function alleles at these loci lead to early-flowering summer annual habit [16, 17] . Allelic variation at FRI and FLC influence shoot morphology by affecting the number of leaves initiated by the primary shoot apical meristem, but this variation usually has little effect on meristems that give rise to branches and flowers.
HUA2-Sy-0 also causes late flowering. Apart from the HUA2-Sy-0 allele, we identified several other polymorphisms in HUA2 common to a subset of accessions. Although the functional significance of these polymorphisms is not known, additional natural alleles of HUA2 may be responsible for flowering-time variation because several mapping intervals for late-flowering QTL include the HUA2 gene [18, 19] . In contrast to other characterized HUA2 alleles, the natural variant HUA2-Sy-0 is unique in that it uncouples the effects on FLC and AG observed in laboratory-induced hua2 alleles. HUA2 normally activates FLC expression and enhances AG function [1, 2] . Consequently, in hua2 mutants, both of these responses are attenuated. HUA2-Sy-0 enhances FLC expression in a broad domain that includes all shoot meristems, and this expression leads to lateflowering and aerial-rosette-forming shoot phenotype. On the other hand, it represses AG activity, which correlates with floral reversion.
The K525E substitution in HUA2-Sy-0 allele appears unique to Sy-0. A similar pattern is seen for an FLM deletion allele and EDI allele of CRY2, other large-effect flowering-time alleles that are found only in accessions from the Niederzenz and the Cape Verde Islands, respectively [20, 21] . However, whereas the HUA2-Sy-0 allele is rare, the Sy-0 morphology is not. Other Arabidopsis accessions display similar shoot morphology under laboratory growth conditions [4] . Furthermore, plants with aerial rosettes can sometimes be found in nature in individuals with prolonged growth ( Figure S5 ). This morphology profoundly changes life history: The vegetative phase of development is extended beyond the onset of flowering and is a phenomenon that lengthens the lifespan of the plant and extends the period during which it is capable of seed production. Although the genetic basis of this morphology across accessions remains to be elucidated, its occurrence in natural populations indicates that it is advantageous under some environments. Theory predicts that pleiotropically acting genes are normally not the targets of natural variation [22] . The finding that HUA2-Sy-0 affects multiple components of the plant life-history strategy such as flowering time and plant morphology nevertheless highlights the potential of multifunctional genes to contribute to phenotypic novelty within a species.
Experimental Procedures Plant Materials and Growth Conditions
The ART1, ART1 FLC-Sy-0, lu ttg, hua2-5, FRI-Sf-2 in Ler, FRI-Sf-2 in Col, FRI-Sf-2 hua2-3 strains have been described [2, 5, 23] . The hua2-1, ag-4, hua2-1 ag-4, and Ler strains were kindly provided by X. Chen [1] , and FRI FLC:FLC-GUS flc3 was provided by R. Amasino [6] . hua2-7 was isolated from the Syngenta T-DNA collection (reference number: 314_A08.b.1a.Lb3Fa). The accessions examined for the Sy-0-specific nucleotide polymorphisms include a set of 96 lines with extensive characterization of genome-wide sequence variation [6] and 16 additional accessions obtained from the Arabidopsis Biological Resource Center. They are listed in Table S2 . Plants were grown in PRO-MIX soil (Plant Products) under 100-150 mmol/ m 2 /s cool-white fluorescent light at 23 C. Long days (LDs) consisted of 16 hr light/8 hr darkness, and short day (SD) conditions consisted of 8 hr light/16 hr darkness. Seven-day-old seedlings for RNA extraction were grown at 21 C on agar with half strength of MS medium (Sigma) and 1% sucrose under LDs, after stratification at 4 C for 2-3 days. F 2 segregating population of a cross between HUA2-Sy-0 FLC-Sy-0 and ag-4 lines was either grown continuously at 23 C (unvernalized) or first grown at 4 C for 6 weeks before transfer to 23 C (vernalized plants). Plants were allowed to flower, and ag-4 plants (selected on the basis of the indeterminate floral phenotype) were genotyped for the HUA2-Sy-0 FLC-Sy-0 alleles with the NIT4 marker located between the two loci. Flowering times are presented as average rosette leaf number 6 standard error.
Identification of ART1 by Mapping and Complementation
A line carrying recessive mutations in lu ms1 ttg was initially crossed with a line derived from the Sy-0 accession that carried FLCSy-0 ART1 alleles [5] . Approximately 18,000 F2 plants were screened for recombination between the Lu and Ttg morphological markers, thereby resulting in the identification of 250 Lu Ms1 ttg recombinant lines. The flowering phenotype and the genotype at the ART1 locus of recombinant lines were scored in F3 progeny. Genomic DNA from Sy-0 plants was partially digested with Sau3A, and w20 kb fragments were size selected on sucrose gradient and cloned into the BamHI site of lambdaZAP (Stratagene). One 15 kb-clone, 4B1, starting at nucleotide position 76,808 of BAC MYJ24 and ending at 13,798 of BAC MKD15 was identified. Because it lacked HUA2 5 0 sequences, a full-length genomic fragment was created by joining 2.5 kb upstream HUA2 sequence (isolated by PCR, with primers HUA2F and HUA2BamH1R; Table S3 ) and an 8 kb BamHI-ClaI fragment of 4B1. The final 10.5 kb genomic fragment was cloned into the Bsp120I site of the pPZP111 binary vector [24] and used for complementation analysis. HUA2-Sy-0 and HUA2-Ler cDNAs were amplified with primers HUA2 cDNA-F and HUA2 cDNA-R from HUA2-Sy-0 FLC-Sy-0 and Ler strains, respectively. We obtained HUA2-M1 by replacing T with G (corresponding to Y969D at the amino acid level) and obtained HUA2-M2 by replacing G with A (E525K) in HUA2-Sy-0 cDNA. HUA2 cDNAs were cloned into pGEMT-easy TA cloning vector (Promega). AvrII/BstEII cDNA fragments were inserted into SpeI and BstEII sites of pCAMBIA 1303 binary vector and thus replaced the GUS sequence. The resulting vectors were transformed into FRI-Sf-2 hua2-3 plants.
Expression Analysis RNA gel-blot analysis was performed as described [5] . Primers used for RT-PCR analysis of MAF1, MAF2, or SVP have been described as well [2] . The remainders of primers used are provided in Table S3 . GUS staining was carried out as described [25] . Whole mounts were examined under a MZ FLIII (Leica) microscope, and pictures were taken with an AxioCam HRc digital camera (Zeiss). Thin sections of tissues stained for GUS activity were prepared from paraffin-embedded tissue, and sections (9-12 mm thick) were prepared on a EG1160 microtome (Leica).
Sequence Analysis
For A. thaliana accessions, full-length cDNAs were isolated by RT-PCR, subcloned, and sequenced for strains marked by an asterisk in Table S2 . In the remainder of the accessions, E525K and Y969D SNPs were detected by direct sequencing of the PCR product (see Table S3 for primers used). The A. lyrata sequence was assembled from reads in the NCBI trace archive retrieved with discontinuous Mega-BLAST with the A. thaliana HUA2-Col-0 sequence.
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